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GOALS AND SUB-GOALS

Goal Statement
Analyze the rate of decomposition of hydrocarbons, specifically Trichloroethane, cisDichloroethane, and Vinyl Chorlide, in groundwater through the use of molasses based bioremediation. The study will be analyzed to see if molasses based bio-remediation can be used for
large scale cleanup operations

Sub-goals
-identify appropriate time length of study
-compare to quarterly values of chemical concentration to identify effectiveness of study
-track levels of carbon chain decomposition
-compare molasses to other materials used in bio-remediation
-compare to other more invasive chemical and physical methods of hydrocarbon remediation
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LITERATURE REVIEW

This Literature Review will consist of articles and findings that will contribute to the
senior project which is a study into the effects and success of using molasses and other
substances as tools for bio-remediation. These techniques will be analyzed to find the most
pointed, precise, and clean way to go about cleaning up hazardous materials in groundwater.

Since the industrial revolution humans have been creating new chemicals every week and
some of these chemicals are hazardous to touch or interact with over an extended period of time
(Jones, 1997). The chemical trichloroethylene (TCE) and its daughter products 1,2dichloroethene (cis-DCE) and vinyl chloride (VC) are particularly wide spread. TCE was used as
an industrial solvent that had a wide variety of applications ranging from dry cleaning to rocket
engines. Recently, the industry of cleaning up all of these hazardous chemicals has proven to be
one that is both extremely lucrative and extremely important in environmental litigation. Some
techniques for this involve excavating the soil, steam cleaning the soil, extraction of
contaminated ground water, and ground aeration (Toshikazu, 2003). Amongst all of these
techniques, bio-remediation is one that is on the cutting edge of effectiveness. Bio-remediation is
the use of microorganisms as agents for the chemical reduction of pollutants and contaminants in
groundwater or soil (Jones, 1997). This study will be focusing on the use of in-situ molasses bioremediation as a technique.
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The fuel that drives the world may also be the substance that contaminates the most
amount of area on earth. There are usually two situations where remediation of groundwater and
soil are needed, when there is a leak in an above or below ground storage tank or when a
contaminated site is being decommissioned. In either of these circumstances the soil and
groundwater at the site will be tested using pilot wells and soil cores to analyze the suitability of
the site for remediation (Barker, 2006). After the geologic maps and aquifer studies are complete,
the site can be confirmed as a site suitable for bio-remediation. Before the implementation of full
scale bio-remediation, a pilot study is often needed to further insure that remediation is a viable
long term solution (Barker, 2006). The identification of anaerobic electron acceptors (EAs) will
be used to support in-situ bio-remediation of hydrocarbons in groundwater (Barker, 2006).

The effectiveness of bio-remediation is typically observed in the months after the
injection event with the groundwater tested at regulated intervals for the remaining amounts of
contaminants still in the soil. The results of many studies show a good drop in the concentration
of contaminants with many of the hydrocarbons being broken down into harmless carbon chain
elements (Barker, 2006). Studies also showed that identifying sites suitability for bio-remediation
solely on the available electron acceptors, without considering the soil or groundwater
composition could retarded the remediation rates in some circumstances (Barker, 2006).
Convoluted results such as these are fairly common for bio-remediation events as each site is
very unique and technique of bio-remediation is one that is being constantly adapted. Studies
such as these are conducted as experiments which further emphasized the importance of
thorough research and study before the site can be identified as one where bio-remediation is
appropriate. The geology and groundwater specifics are unique for each site and in many
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situations the type and duration of bio-remediation has to be tailored to each individual site
(Barker, 2006). Bio-remediation will not always perform as anticipated as it involves the
manipulation of living organisms in the soil and groundwater. These microorganisms can be
encouraged to metabolize contaminants, but they are still living things that do not always react as
anticipated (Barker 2006).

In many situations, enhanced bio-remediation is not necessary because the process is
already occurring naturally. Monitored natural attenuation (MNA) is the process of naturally
occurring contaminant dispersion and degradation (Chapelle, 2007). Depending on the severity
of the concentration of contaminants at the site, the location of the site to sensitive areas, and the
historical geochemical data and testing at the site, MNA is often considered to be the more
appropriate response to contamination (Chapelle, 2007). MNA is often criticized as doing
nothing, but it is important to clarify that MNA involves close monitoring of the contaminant
plume for as long as decades to centuries.

The processes that drive MNA and enhanced bio-remediation are one and the same.
Many different types of biogeochemical pathways are capable of transforming chlorinated
ethenes (TCE, cis-DCE, VC), into neutral carbon byproducts such as chloride and carbon dioxide
(Chapelle, 2007). These natural pathways require an energy source just like any other chemical
process, and in this case that energy is in the form of organic carbon (Chapelle, 2007). Carbon
acts as the electron donor in the microorganism metabolism of TCE, in which TCE acts as the
electron acceptors (Chapelle, 2007). This whole process comes down to the availability of total
organic carbon in the subsurface. If sufficient organic carbon is present, chlorinated ethenes are
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subject to a complete carbon transformation; if there is a lack of organic carbon chlorinated
ethenes will continue to be present. Through time, if sufficient amounts of carbon are present,
TCE will degrade into its daughter product of cis-DCE, and then to VC, and from there it will
degrade to harmless chloride. This process is referred to as anaerobic reductive dechlorination
(Chapelle, 2007).

Anaerobic reductive dechloriniation is facilitated through a process called enhanced bioremediation which is the reduction of chemicals such TCE from the soil and groundwater
through the use of injecting simple sugar products such as molasses and soybean oil (Lindow,
2004). These simple sugars and simple carbohydrates act as food for the microorganisms,
contributing to their numbers, potency, and ability to get rid of the chemical in question (Lindow,
2004). Batch microcosm screenings are done to evaluate the potential success that injecting
molasses into the ground will have with the existing microorganisms that are currently in place
(Lindow,2004). When these screenings confirm the presence of beneficial microorganisms, a
pilot study is usually ordered with the results of the injections being closely monitored over a
predetermined time period for elevated levels of organic carbon and the beginning of chemical
reductions (Chapelle, 2007). When this pilot study is confirmed effective, the injections can go to
a large scale with 100's of wells over potentially miles of land.

Bio-remediation is a huge topic that is endlessly studied and will continue to be tested
and perfected. It is all encompassing, employing engineers, soil scientists, hydrologists,
geologists, and earth scientists in a field that is becoming more specialized and effective as new
research is done.
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MATERIALS AND METHODS
ARCADIS and Solar Turbines
Personal data collection and experimentation for this case study was done in July, August,
and September of 2011 as part of an internship with ARCADIS. ARCADIS has been conducting
the study since February 2011, personal participation began in July 2011. ARCADIS is a
multinational company that specializes in the remediation of contaminated soil and groundwater.
ARCADIS has a multi-year contract for the cleanup of the site from which data will be drawn
from in addition to the data that was personally collected on-site.
The location of the bio-remediation study is at a company called Solar Turbines which is
located in downtown San Diego directly adjacent to San Diego bay and Lindbergh Field
International Airport (Figure 1). Solar Turbines was founded in 1927 as an aircraft company and
has specialized in the production of high quality manufacturing materials for the past 85 years
(My Solar: Home, 2012). Before Solar was in place, the site played host to a tuna packing plant.
The site has seen more than its fair share of indirect and direct contamination, with the hazardous
chemical TCE being present at the site. Solar Turbines proximity to San Diego bay is the
motivation for the cleanup.
Wells
There are a total of 10 wells located in this part of the site ranging in depth from 30-90
feet (ARCADIS 2011a). There are 8 injection monitoring wells (IMW 1-8) which have depths
from 70 to 90 feet, are made of PVC, and are each 2 inches in diameter (ARCADIS 2011b).
These wells are all down gradient from the injection well. There are also 2 injection monitoring
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wells (IW 1-2) which have depths of 30ft and 70ft, are made of stainless steel, and are each 4
inches in diameter (ARCADIS 2011b). IW1 and IW2 are up gradient from IMW-2 which is the
primary injection well, where the molasses solution is injected into the subsurface.
The well complex is located adjacent to Harbor Drive, the main thoroughfare to the
airport, at the commercial loading dock at Solar Turbines (Figure 2). As the site is still a very
active manufacturing plant, the location of the wells is pertinent. The actual location of the plume
of contaminated soil and groundwater is located directly underneath a busy manufacturing floor,
it wasn’t feasible to install and monitor the wells in that location. Instead, the wells were
installed to the southeast of the manufacturing floor in the loading bay area (Figure 3).
The Mixture
There are two different types of mixtures being injected into IMW-2, the saline solution
and molasses solution. The saline solution is a combination of water, sodium chloride,
magnesium chloride, and calcium chloride as this best matches the salinity of the aquifer that is
being injected into (ARCADIS 2011a). The molasses solution is simply the saline solution
combined with molasses. At the beginning of the injection series, before I was a part of the
project, they were using a solution in which molasses was only 0.5% of the solution in the first
injection and 2% of the solution in the second injection (ARCADIS 2011a). Since then they have
switched to a 4% molasses solution for the third injection and have seen better results from the
4% solution (ARCADIS 2011a).
Molasses is being used as an organic carbon substrate to help encourage the creation of
an anaerobic reducing environment through the use of microbes to achieve the dechlorination of
the contaminants in this subsurface plume (ARCADIS 2011a). In common terms, the molasses is
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providing more organic carbon to microbes in the soil so that they increase in number and
metabolize the contaminants in the plume.
Injection Method
The initial injection method is called in-line injection, where molasses is injected directly
into the line of saline solution as it is running down the injection line to the well. This method is
effective in that creates less mess in the mixing process and is a more streamlined setup.
Problems with this feature are that it gums up the injection line and clogs the filter which leads to
delays in the injection process, which to ARCADIS means that the project becomes more
expensive and less effective (ARCADIS 2011a). This method was abandoned do to the adverse
effects of the viscosity of the molasses gumming up the system.
The current injection method is called the batch method which eliminates some of the
problems associated with the in-line method. The setup at Solar Turbines consisted of two, 600
gallon PVC tanks located adjacent to the loading area (Figure 4). These two tanks were
connected by system of PVC pipes, filters, and valves to an electric pump. From that pump the
pipes ran through another set of filters and valves to a battery powered flow meter which
recorded the total amount (in gallons) that has been injected, and the current rate of injection (in
gallons per minute)(Figure 5). In each of those 600 gallon tanks, the molasses and saline
solutions would be mixed and then sent through the array of pipes into a hose which lead to the
wellhead, approximated 50ft away. From there the solution went down the well and into the
subsurface.
The methodology of preparing the solution is relatively simple. A prep tank and an
injection tank were set up. One tank would be preparing the solution, saline or molasses, and the
other tank would be actively feeding the injection line (Figure 6). As the amount of time it takes
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to fill a 600 gallon take from a hose is rather long, the turnaround times could be quite rapid in
order to maintain a system that was continuously pumping. The molasses solution would be
mixed and pumped all day long then at the end of the day, a pure saline solution would be
injected to clean out the system and well to insure that the next day’s injection would not be
inhibited by a gummed up injection line.
The goal of the injection series is to inject the most amount of 4% molasses solution into
the well while at the same time maintain the pressure at the wellhead below the established
parameters. The wellhead at Solar Turbines was rated for 15 psi of pressure by the drilling
engineer that installed it (ARCADIS, 2012c). Between the backpressure of the well itself,
biogenic gas production, and injection pressure, the 3rd quarter average rate of injection was 1.7
gpm with the average wellhead pressure at 13 psi (ARCADIS, 2012c).
Sampling Methods
In order to test if the bio-remediation techniques are effective, groundwater testing was
done at each of the IMW and IW wells. The purge method of groundwater sampling was used to
analyze the groundwater. This method involves the use of a 360 degree peristaltic pump, a YSI556 multifunction water meter, and a 5 gallon bucket.
The purge method involves the purging of the well for 2 hours and collecting a sample at
the end. For each well there is a silicone tube that is inserted down the well to the predetermined
level where the groundwater is being analyzed. When this tubing is inserted, part of the tubing
coming out of the well is attached to a 360 degree peristaltic pump which draws the water out of
the well (ARCADIS 2011b). The tubing coming from the peristaltic pump is attached to a
reservoir where the YSI-556 probe can be inserted (Figure 7). The reservoir is used to allow the
probe to have a continuous flow of water and to prevent any random spikes caused by
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inconsistent flow rates from the well. Another line exits the reservoir which then leads to a 5
gallon bucket which is used to record the total volume of solution pumped out of the well.
Once the peristaltic pump is turned on, water begins to draw out of the well and into the
reservoir where the YSI-556 probe is. The YSI-556 measures the field parameters or the amount
of dissolved oxygen, pH level, salinity, temperature, and conductivity (YSI Incorporated, 2009).
This data is recorded every 15 minutes to get a data set which can be cross referenced when the
sample is collected. At the end of the 2 hour purge, the total amount of water purged from the
well is noted and samples are collected in sterile vials. The sample is then sent via courier to
Calscience in Garden Grove, California. Samples are collected for each well and analyzed for
total organic carbon (TOC), volatile organic carbon (VOC), nickel, sulfate, sulfide, and dissolved
gases (ARCADIS, 2012c).
For the purpose of this study the concentrations of the VOC’s TCE
trichloroethylene (C2HCl3), cis-DCE 1,2-dichloroethylene (C2H2Cl2), and VC vinyl
chloride (H2C:CHCl) will be analyzed.
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RESULTS AND DISCUSSION
Indicators
In order for the necessary anaerobic/reducing environment to be created, total organic
carbon levels need to be increased in order to stimulate the bacteria in place to reproduce and
consume the organic carbon particulates and at the same time consume and reduce the
concentrations of TCE, cis-DCE, and VC (ARCADIS, 2012c). If the molasses is accomplishing
its task of increasing total organic carbon (TOC) levels in the subsurface, the TOC levels should
be increasing after each injection event and then gradually decreasing as they are metabolized
until the next injection event (ARCADIS, 2012c).
If TOC levels increase to the level necessary for reduction to occur, the first indications
of chemical reduction will be the increase of cis-DCE as the TCE is reduced to its daughter
product of cis-DCE (ARCADIS, 2012c). From there cis-DCE will further reduce to VC as the
chemical reduction continues (ARCADIS, 2012c).
Results
As of this point in time injections occurred on 3/14/11-4/06/11 for the 1st quarter
injections, 6/8/11-7/1/11 for the 2nd quarter injections, and 8/30/11-9/15/11 for the 3rd quarter
injections in which personal participation occurred (ARCADIS, 2012c).
Over the course of 3 quarterly injection series, 37,998 gallons of saline molasses solution
has been injected into IMW-2. Of those 37,998 gallons injected, 16,658 gallons of 0.5%
molasses solution were injected in the 1st quarter, 26,108 gallons of 2% molasses solution were
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injected in the 2nd quarter, and 11,890 gallons of 4% molasses solution were injected in the 3rd
quarter (ARCADIS, 2012c).
At this point in the injection series and pilot study, TOC levels in wells down gradient
from and at similar depths (50-70ft) to the IMW-2 injection well have shown the increase in
carbon concentration necessary to start the reducing process (Table 1). Wells at 70-90ft in depth
and those that are up-gradient from IMW-2 have shown increases in TOC but not at the rate or
the concentration of those that are in close proximity and depth in IMW-2. As the injections
continue, with the 4th injection event set to occur in Spring 2012, the vertical connectivity
between IM-2 and the deeper wells at 70-90ft is expected to become more apparent (ARCADIS,
2012c).
As this process takes time for the reducing environment to establish itself, complete
carbon chain degradation of TCE is unrealistic at this time. Positive indications that the process
is beginning are apparent in several wells. At IMW-4 in Zone 4, the TCE daughter product of cisDCE concentrations have increased from non-detectable in February 2011 to 1,700 µg/L in
October 2011 (ARCADIS, 2012c). In addition, cis-DCE was detected for the first time at IMW-6
and IMW-7 in October 2011 with concentrations of 290 µg/L and 1100 µg/L respectively
(ARCADIS, 2012c) (Table 2).

Discussion
At this point in the pilot study, it can be difficult to gather any solid results but the trend
is looking positive for the Solar Turbines site. TOC levels are increasing to the point where
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reductions begin to occur and the TOC levels drop off after each injection event as organic
carbon is consumed by the microbes (ARCADIS, 2012c).
There are several good reasons why the indications look good. Approximately 1 mile up
Harbor Drive towards the airport, a similar situation has already played out. The location in
question was formerly occupied by an aircraft company called Teledyne Ryan. The facility has
been unoccupied for nearly a decade but had the same problems as Solar Turbines; there were
chlorinated hydrocarbons from their facility leeching into San Diego bay (CRWQC, 2011). Insitu bio-remediation was carried out by a company called Geosyntec and since then there have
been positive results with the reduction of VOC’s well under way beneath the facility (CRWQC,
2011). With nearly the exact same situation, the Teledyne Ryan facility was able to successfully
implement bio-remediation. The only difference between Teledyne Ryan and Solar Turbines is
that Solar is still a very active manufacturing plant. The location of maximum contamination is
located underneath a very active shop floor so the wells could not be installed directly at the
source of the plume and had to be installed down gradient from the source (ARCADIS 2010e).
This slight difference may increase the challenge of remediating the Solar Turbines site.
The length of time for a study such as this is 18 months, in order to allow TOC levels to
get the point where anaerobic reduction can begin and in some cases, such as Solar Turbines,
even more time is needed to see if a full scale operation is viable (ARCADIS, 2012c). The length
of time that it takes for results emphasizes the importance of soil, groundwater, and microbial
surveys before the operation is put into place in order to have a good idea of what is expected to
occur (Barker, 2006).
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Figure 1: Location of Solar Turbines relative to airport and San Diego bay
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Figure 2: Well Layout
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Figure 3: Well layout
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Figure 4: 600 Gallon Tank set-up
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Figure 5: Piping and Electric Pump
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Figure 6: Prep Tank (right) and Injection Tank (left)
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Firgure 7:YSI-556 and Probe Reservoir
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Table 1: TOC Concentration per Injection Event
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Source: ARCADIS, 2012c
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Table 2: VOC Concentration
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Source: ARCADIS, 2012c
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TIMETABLE AND BUDGET
ARCADIS’s timetable for its contract work with Solar Turbines is 18 months with additional
time most likely needed to verify the final results of the pilot study. Personal participation began
in July 2011 as part of a summer internship with ARCADIS. The total budget for the work that
ARCADIS is contracted for is $8 million which includes all of the costs of drilling, tanks, piping,
molasses, and personal compensation for every engineer/hydrologist/geologist on site. Personal
compensation was for approximately 200 hours of work at $14/hr which comes out to $2800.
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